Fibroblasts from patients with Tangier disease carrying ATP-binding cassette A1 (ABCA1) loss-of-function mutations are characterized by cardiolipin accumulation, a mitochondrialspecific phospholipid. Suppression of ABCA1 expression occurs in glomeruli from patients with diabetic kidney disease (DKD) and in human podocytes exposed to DKD sera collected prior to the development of DKD. We demonstrated that siRNA ABCA1 knockdown in podocytes led to reduced oxygen consumption capabilities associated with alterations in the oxidative phosphorylation (OXPHOS) complexes and with cardiolipin accumulation. Podocyte-specific deletion of Abca1 (Abca1 fl/fl ) rendered mice susceptible to DKD, and pharmacological induction of ABCA1 improved established DKD. This was not mediated by free cholesterol, as genetic deletion of sterol-o-acyltransferase-1 (SOAT1) in Abca1 fl/fl mice was sufficient to cause free cholesterol accumulation but did not cause glomerular injury. Instead, cardiolipin mediates ABCA1-dependent susceptibility to podocyte injury, as inhibition of cardiolipin peroxidation with elamipretide improved DKD in vivo and prevented ABCA1-dependent podocyte injury in vitro and in vivo. Collectively, we describe a pathway definitively linking ABCA1 deficiency to cardiolipin-driven mitochondrial dysfunction. We demonstrated that this pathway is relevant to DKD and that ABCA1 inducers or inhibitors of cardiolipin peroxidation may each represent therapeutic strategies for the treatment of established DKD.
Introduction
Diabetic kidney disease (DKD) remains the most common cause of chronic kidney disease (CKD), comprising about 40% of patients with CKD (1). However, not all patients with diabetes develop DKD, and aggressive management of blood pressure (2) and glycemia (3) reduces but does not eliminate the risk for DKD, suggesting that factors other than impaired glucose metabolism and altered hemodynamics are involved in the pathogenesis (4) .
Among all affected cellular constituents of the glomerular filtration barrier, podocyte loss correlates with the development of albuminuria in both clinical and experimental DKD (5-7). However, the cause of podocyte loss in DKD remains to be established. We and others have described glomerular accumulation of lipids in both clinical and experimental DKD (8) (9) (10) (11) . Of the many genes involved in lipid metabolism, our group has demonstrated decreased ATP-binding cassette A1 (ABCA1) expression in glomerular tissue obtained from research kidney biopsies of Pima Indians with type 2 diabetes (T2D) (9) . ABCA1 is a transmembrane protein which, in an ATP-dependent mechanism, regulates the efflux of cholesterol and phospholipids (12, 13) . Similarly, in a separate T2D Israeli cohort, downregulation of glomerular ABCA1 expression correlated positively with estimated glomerular filtration rate (GFR) (8) . While both pharmacological induction of cholesterol efflux with cyclodextrin (9) or genetic overexpression of ABCA1 (14) are sufficient to rescue from DKD or DKD-like glomerulosclerosis, the mechanisms linking ABCA1 deficiency to glomerular injury are unknown. Patients affected by Tangier disease (characterized by ABCA1 loss-of-function mutations) have foamy podocytes on kidney biopsies (15) . However, they develop
Fibroblasts from patients with Tangier disease carrying ATP-binding cassette A1 (ABCA1) loss-of-function mutations are characterized by cardiolipin accumulation, a mitochondrial-specific phospholipid. Suppression of ABCA1 expression occurs in glomeruli from patients with diabetic kidney disease (DKD) and in human podocytes exposed to DKD sera collected prior to the development of DKD. We demonstrated that siRNA ABCA1 knockdown in podocytes led to reduced oxygen consumption capabilities associated with alterations in the oxidative phosphorylation (OXPHOS) complexes and with cardiolipin accumulation. Podocyte-specific deletion of Abca1 (Abca1 fl/fl ) rendered mice susceptible to DKD, and pharmacological induction of ABCA1 improved established DKD. This was not mediated by free cholesterol, as genetic deletion of sterol-oacyltransferase-1 (SOAT1) in Abca1 fl/fl mice was sufficient to cause free cholesterol accumulation but did not cause glomerular injury. Instead, cardiolipin mediates ABCA1-dependent susceptibility to podocyte injury, as inhibition of cardiolipin peroxidation with elamipretide improved DKD in vivo and prevented ABCA1-dependent podocyte injury in vitro and in vivo. Collectively, we describe a pathway definitively linking ABCA1 deficiency to cardiolipin-driven mitochondrial dysfunction. We demonstrated that this pathway is relevant to DKD and that ABCA1 inducers or inhibitors of cardiolipin peroxidation may each represent therapeutic strategies for the treatment of established DKD.
ATP-binding cassette A1 deficiency causes cardiolipin-driven mitochondrial dysfunction in podocytes jci.org Volume 129 Number 8 August 2019
related with eGFR (8, 9) . However, the contribution of decreased ABCA1 expression to impaired cholesterol efflux and podocyte injury in DKD remains to be established. Furthermore, it remains to be determined if decreased ABCA1 expression occurs prior to the development of DKD or if it is a consequence of established DKD. To address these 2 questions, we utilized sera collected from Pima Indians to treat cultured human podocytes. Subjects were separated into 2 groups based on measured glomerular filtration rate (mGFR) over 10 years: nonprogressor (NP, patients with the least change in mGFR) and progressor (P, patients with the greatest change in mGFR) (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/ JCI125316DS1). Sera collected from 2 time points were utilized: baseline, when patients did not have any DKD, and 7 years later, when patients also had a research kidney biopsy. mRNA was isolated and microarray analysis was performed. Gene enrichment analysis identified pathways important in lipid and fatty acid metabolism to be significantly altered between P and NP patient sera-treated podocytes (Table 1) . Key cholesterol metabolism genes were validated by quantitative real-time PCR (qRT-PCR). At time of kidney biopsy, treatment of human podocytes with P sera caused a significant downregulation of both 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCoAR, a protein important in cholesterol synthesis) and ABCA1 when compared with NP treatment. Expression of low-density lipoprotein receptor (LDL-R, a protein important in cholesterol influx) was not affected. However, only a significant downregulation of ABCA1 expression was observed ( Figure 1A ) in podocytes treated with P sera collected at baseline, suggesting that suppressed ABCA1 expression may occur in podocytes prior to the development of DKD. We next investigated if decreased expression of ABCA1 would lead to impaired apolipoprotein AI-mediated (ApoAI-mediated) cholesterol efflux. We found decreased ApoAI-mediated cholesterol efflux in podocytes treated with P sera compared with NP sera collected at baseline ( Figure 1B ). Decreased ApoAI-mediated cholesterol efflux in podocytes treated with P sera collected at baseline was also associated with increased lipid droplet content as assessed via bodipy ( Figure 1 , C and D), increased ROS ( Figure  1E ), and cytotoxicity ( Figure 1F ). Increased cytotoxicity in P seratreated podocytes persisted when sera collected at time of kidney biopsy was utilized (Supplemental Figure 1, A and B) . In order to understand if decreased ABCA1 expression, as observed in kidney biopsies and in P sera-treated podocytes, would have any clinical significance, linear regression analyses between ABCA1 expression and serum creatinine, blood urea nitrogen (BUN), mGFR at baseline as well as at 7 years follow-up, albumin-to-creatinine ratio only minimal proteinuria, suggesting that ABCA1 deficiency may be sufficient to cause lipid accumulation but not glomerular cell injury (15) . In fact, neither ABCA1 siRNA in podocytes in vitro nor podocyte-specific deletion of ABCA1 in vivo is sufficient to cause glomerular injury (14) . However, the possibility that ABCA1 deficiency and the related lipid accumulation renders podocytes susceptible to injury in DKD remains to be established. The observation that fibroblasts obtained from patients affected by Tangier disease have a significant accumulation in cardiolipin content (16) (17) (18) led us to hypothesize that ABCA1 deficiency is a major driver of the mitochondrial dysfunction observed in DKD. In fact, a reduction in oxygen consumption rates, increased mitochondrial DNA damage, and reduced mitochondrial oxidative phosphorylation have been described in DKD (19) (20) (21) (22) (23) . Cardiolipin is a mitochondrial-specific phospholipid that plays an integral role in mitochondrial function and membrane preservation (24) . Cardiolipin is also particularly vulnerable to ROS-induced damage, which could in turn contribute to mitochondrial dysfunction (25, 26) .
In this study, we demonstrate that podocyte-specific deletion of Abca1 in 2 DKD mouse models is sufficient to worsen DKD outcomes. Susceptibility to DKD is not dependent on the accumulation of free cholesterol, as genetic deletion of sterol-o-acyltransferase 1 (SOAT1, which converts free into esterified cholesterol) in podocyte-specific ABCA1-deficient mice is sufficient to cause free cholesterol accumulation but does not cause glomerular injury. ABCA1 deficiency in human podocytes, however, leads to the accumulation of cardiolipin in association with altered function and organization of the mitochondrial respiratory chain (MRC) and inhibiting cardiolipin peroxidation is sufficient to ameliorate DKD in mice. Furthermore, induction of ABCA1, both genetically as shown in vitro and pharmacologically as shown in vivo, is sufficient to ameliorate podocyte injury in DKD. Our findings provide what we believe is the first evidence linking ABCA1 deficiency to cardiolipin accumulation and mitochondrial dysfunction. Our study also provides what we believe is the first evidence that treatment with either a cardiolipin peroxidase inhibitor or a selective ABCA1 inducer may protect from DKD.
Results
ABCA1 expression is reduced in podocytes exposed to progressor sera in association with increased cytotoxicity. We previously described downregulation of ABCA1 expression in glomeruli from Pima Indians with T2D (9) . These data were validated in a second population of patients with T2D, where podocyte lipid droplet accumulation and decreased ABCA1 expression were described and cor- Abca1 expression is reduced in mouse models of DKD. We next examined if decreased Abca1 expression contributes to disease progression using different mouse models of diabetic kidney disease. Abca1 expression was significantly decreased in glomeruli isolated from both BTBR ob/ob ( Figure 1G ) and B6BKS db/db mice (Figure 1H ) when compared with their heterozygous littermates, ob/+ and db/+, respectively. Correlation analysis showed that glomerular expression of Abca1 negatively correlates with ACR in diabetic mice ( Figure 1I ), using both the ob/ob and db/db mouse models. Taken together, these data suggest that decreased ABCA1 expression may contribute to DKD progression. However, we previously reported that mice with a podocyte-specific deletion of Abca1 (ACR), and glomerular basement membrane thickening (BMT) as an early morphological parameter of DKD were performed (Supplemental Table 2 ). We found that glomerular ABCA1 expression negatively correlates with patient serum creatinine and BUN levels obtained at time of kidney biopsy, confirming the inverse relationship between glomerular ABCA1 expression and kidney function reported by others (8) . Furthermore, ABCA1 expression as observed in podocytes treated with patient sera obtained at baseline correlated negatively with time of biopsy patient ACR and with mean glomerular BMT, indicating that ABCA1 expression levels in podocytes exposed to patient sera could represent a valuable tool to predict DKD, once validated in larger cohorts. (B) Quantification of the percentage of radiolabeled cholesterol effluxed via the ABCA1 transporter after treatment with sera from patients obtained at baseline and at time of biopsy. Sera from NP and P patients were used in the analysis (n = 4 pooled sera for all groups). (C) Quantification of the lipid droplet content in human podocytes treated with NP and P patient sera via bodipy fluorescent intensity per cell (n = 14-15). (D) Representative images (original magnification ×20) showing bodipy staining of normal human podocytes treated with the sera from patients with NP and P DKD. (E and F) Bar graph analysis showing CellRox cytoplasmatic intensity (n = 3 for NP, n = 5 for P; pooled sera) (E) and cytotoxicity normalized to viability (n = 13 for NP, n = 14 for P) (F) in human podocytes treated with baseline P sera-compared with NP sera-treated podocytes. (G) Glomerular Abca1 expression of ob/ob mice (n = 7) compared with their heterozygous controls, ob/+ (n = 4) quantified via qRT-PCR. (H) Glomerular Abca1 expression of db/db mice (n = 5) compared with their heterozygous controls, db/+ (n = 6) quantified via qRT-PCR. (I) Correlation analysis between albumin-to-creatinine ratios (μg/mg) and glomerular Abca1 expression in db/db and ob/ob mice. Two-tailed t test (all panels except I) and linear regression used for correlation analyses (I) with r 2 and P values shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. jci.org
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induce podocyte injury and loss (14), we tested the hypothesis that accumulation of free cholesterol was needed to cause podocyte injury and proteinuria. Abca1 fl/fl mice were therefore bred to mice with a constitutive deletion of Soat1 to generate Abca1 fl/fl Soat1 -/-(DKO) mice. Interestingly, although these DKO mice did accumulate free cholesterol in the kidney cortex ( Figure 2D ), they did not develop mesangial expansion or albuminuria at 10 months of age ( Figure 2 , E and F) suggesting that free cholesterol kidney cortex accumulation is not sufficient to cause podocyte injury and proteinuria. However, these findings do not exclude the possibility that renal cholesterol accumulation may contribute to DKD development and progression.
Abca1 deficiency is a susceptibility factor in DKD. We next tested the hypothesis that podocyte ABCA1 deficiency is sufficient to confer susceptibility to injury in the context of DKD. First, the previously characterized (14) siRNA ABCA1 knockdown (siAB-CA1) and siRNA scramble control (siCO) podocytes were treated with NP and P sera obtained from Pima Indians. We observed that siABCA1 podocytes treated with either group of patient sera resulted in significantly increased podocyte cytotoxicity when compared with patient sera-treated siCO ( Figure 3A ). To establish if ABCA1 deficiency contributes to podocyte injury in DKD, we generated BTBR ob/ob mice with a podocyte-specific deletion of (Abca1 fl/fl ) do not develop albuminuria (14) , suggesting that additional factors contribute to the pathogenesis of DKD.
Soat1 knockout mice with a podocyte-specific deletion of Abca1 have increased free cholesterol and no albuminuria. We previously demonstrated total cholesterol accumulation in experimental DKD (9, 14) . In light of the fact that podocyte-specific Abca1 knockout mice do not develop albuminuria, we tested the hypothesis that this could be due to accumulation of esterified cholesterol, which is usually considered a neutral and nontoxic form of cholesterol (27, 28) . We first demonstrated that Abca1 fl/fl mice are characterized by an increased glomerular lipid droplet content ( Figure 2A ) when compared with WT mice. Consistent with what was demonstrated in experimental models of DKD (10, 29) , both total cholesterol and triglycerides were significantly increased in kidney cortexes of Abca1 fl/fl mice when compared with WT mice. However, although a trend toward increased esterified cholesterol was observed, this trend was not statistically significant ( Figure 2B ). Nevertheless, the increase in total cholesterol and triglyceride content was associated with a mild increase in the glomerular surface area in Abca1 fl/fl compared with WT mice ( Figure 2C ). As our prior in vitro findings demonstrated that decreased ABCA1 expression in combination with decreased SOAT1 activity (which prevents esterification of cholesterol) is necessary to cortex ( Figure 3C ) when compared with WT mice. More importantly, we found a strong positive correlation of the CE content in kidney cortex with BUN ( Figure 3J ). Several serological parameters were analyzed (Supplemental Table 3 ob mice. PAS staining of kidney cortex sections was performed and revealed an increased mesangial expansion in Abca1 fl/fl ob/ ob (Figure 3 , D and G) compared with ob/ob mice. Using transmission electron microscopy (TEM), we observed Abca1 fl/fl ob/ob mice to experience a decrease in the number of foot processes per length of the glomerular basement membrane (GBM), as well as mitochondrial swelling when compared with diabetic ob/ob mice ( Figure 3 , E and H). Mitochondrial swelling is normally observed with alterations in mitochondrial respiration, inner mitochondrial membrane compositions, or fission and fusion (30) (31) (32) . We therefore investigated whether there were any alterations in fission or fusion and measured glomerular gene expression of fission mitochondrial 1 (Fis1, a protein important in fission), and mitofusin 1 (Mfn1, a protein mediator of mitochondrial fusion).
Abca1
fl/fl ob/ob mice showed significantly reduced Fis1 and Mfn1 whereas Abca1 fl/fl mice only had reduced Fis1 when compared with WT mice (Supplemental Figure 2) . These data suggest a role of Abca1 deficiency in contributing to reduced fission and ultimately increased mitochondrial swelling in DKD. Furthermore, WT1 (podocyte-specific antibody) immunofluorescence staining was utilized to quantify podocyte number per glomerular cross section. We found that Abca1 fl/fl ob/ob mice have significantly decreased podocyte numbers per glomerular section when compared with ob/ob mice ( Figure 3K ), while no differences in glycemia, body weight, and mesangial expansion were observed in any of the STZ-injected groups of mice (Supplemental Figure  3 , C-E). Moreover, increased free cholesterol and decreased CEs were observed in kidney cortex of KO+STZ mice when compared with the WT+STZ controls ( Figure 3L ). These data confirm a role for Abca1 deficiency in conferring susceptibility to podocyte injury and worsening DKD outcome in experimental mouse models of DKD. As increased free cholesterol in DKO mice was not sufficient to cause DKD (Figure 2 ), the exact mechanism by which Abca1 deficiency confers susceptibility to podocyte injury in DKD was further assessed.
ABCA1 deficiency leads to mitochondrial cardiolipin accumulation and mitochondrial dysfunction. Mitochondrial dysfunction is a key feature of DKD (22, 23, 31) . Many groups have shown that mitochondria in experimental and clinical models of DKD are characterized by altered mitochondrial respiratory chain function, structural and networking anomalies, and increased ROS (19) . Since we detected podocyte mitochondrial swelling in Abca1 fl/fl ob/ob mice, we next determined if ABCA1 deficiency in podocytes could contribute to mitochondrial dysfunction. Using siABCA1 podocytes, we found that endogenous (unpermeabilized cells using endogenous substrates) and complex II (CII) substrate-driven (permeabilized cells with exogenous addition of succinate) oxygen consumption was significantly reduced in siABCA1 podocytes when compared with siCO ( Figure 4A ). However, no differences in ATP content were observed (Supplemental Figure 4A) . The maximal enzymatic activity of individual complexes was assessed spectrophotometrically, and we observed complex I (CI) activity to be significantly increased, whereas complex III activity was significantly reduced and complex IV (CIV) activity remained unchanged in siABCA1 compared with siCO podocytes ( Figure 4B , Supplemental Figure 4B ). In order to understand if the observed decrease in oxygen consumption rates and OXPHOS activities was due to alterations in mitochondrial OXPHOS complexes, mitochondrial enriched lysates were analyzed by Blue Native-PAGE and Western blot. We observed a remodeling of the OXPHOS complexes. Specifically, mitochondrial membrane extracts obtained in the presence of the detergent digitonin, known to preserve OXPHOS complex interactions, presented with an increase in supercomplex, or respirasome I-III 2 -IV, in combination with decreases in complex III 2 -IV and complex III 2 , and no differences in complex IV ( Figure  4 , C and D) were observed. Complex IV was quantified based on a lower exposure time ( Figure 4D, Supplemental Figure 4C) . Moreover, we did not observe any alterations in the steady state levels of individual OXPHOS complexes with the exception of an increase in complex I in siABCA1 compared with siCO podocytes ( Figure  4 , E and F). Taken together, these data suggest that ABCA1 deficiency contributes to podocyte susceptibility via the remodeling of OXPHOS complexes and the alteration of mitochondrial lipid composition, without changes in ATP production. No differences were detected in mitochondrial membrane potential between siABCA1 and siCO podocytes but some subtle changes in the mitochondrial network distribution were apparent (Supplemental Figure 4, D and E) . Furthermore, siABCA1 podocytes experienced a significant increase in superoxide dismutase 2 (SOD2, a mitochondrial specific ROS scavenger) expression (Supplemental Figure 5 , A and B), suggesting an increase in mitochondrial-produced ROS. Lipid content of isolated mitochondria from siABCA1 podocytes compared with siCO podocytes were assessed via mass spectrometry and various lipid species were significantly modulated. Most interestingly, total cardiolipin content was significantly increased and monoglycerides and fatty acids were significantly reduced in isolated mitochondria from siABCA1 podocytes (Figure 4 , G and H, Supplemental Table 4 ). Reduction of endogenous cell respiration and complex III activity despite the increase in CI and CI-containing supercomplex levels together with alterations in mitochondrial fatty acid content prompted us to investigate the status of fatty acid beta oxidation (FAO), which was previously described to be impaired in kidney disease (33) . qRT-PCR was carried out for several key genes involved in beta oxidation in both patient seratreated podocytes and Abca1 fl/fl mice. Peroxisome proliferator-activated nuclear receptor alpha (PPARA), acyl-coA dehydrogenase medium chain (ACADM), and acyl-coA oxidase 1 or 2 (ACOX1/2) were significantly downregulated in both P sera-treated podocytes when compared with NP and in Abca1 fl/fl mice when compared with WT mice (Supplemental Figure 6, A and B) . ACADM was also found to be significantly reduced in siABCA1 podocytes (Supplemental Figure 6C ). To confirm that these observations are of clinical relevance, we assessed the expression profiles of genes important in OXPHOS and FAO in glomerular biopsies from Pima Indian patients with DKD, in which we previously described significant downregulation of ABCA1 expression (9) . We found a significant downregulation in the expression of genes important in FAO and of genes encoding OXPHOS subunits of CII, while genes encoding subunits of CI, CIV, and complex V (CV) were upregulated, supporting our findings in siABCA1 podocytes (Table 2) . (K) Quantification of the relative cardiolipin species rich in linoleic acid (LA) or docosahexaenoic acid (DHA) analyzed via mass spectrometry and normalized to total lipids extracted from db/+, db/db vehicle, and db/db A30 kidney cortex (n = 5-6 per group). Two-tailed t test (A) or 1-way ANOVA followed by Tukey's test (all other panels). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. jci.org Volume 129 Number 8 August 2019
lysates of kidney cortexes of db/+, db/db vehicle-treated, and db/ db A30-treated mice. Vehicle-treated db/db mice showed reduced ABCA1 expression compared with db/+ mice, which was restored in A30-treated db/db mice (Supplemental Figure 9 , A and B). Cholesterol quantification of kidney cortexes from db/db mice treated with A30 experience a significant reduction in the CE content when compared with vehicle-treated db/db controls ( Figure 5J ). Correlation analysis was performed and demonstrated a significant positive correlation between kidney cortex CE content and BUN in db/+, db/db A30, and db/db vehicle mice (Supplemental Figure 9C) . The beneficial effect of A30 treatment in DKD occurred in association with a reduction of selective cardiolipin species. While both linoleic acid-rich (LA-rich) and docosahexaenoic acid-rich (DHA-rich) cardiolipin species were increased in kidney cortex from db/db mice compared with the db/+ controls, treatment with A30 only reduced the accumulation of DHA without changes to the total cardiolipin content ( Figure 5K ). Next, we assessed the amount of peroxidized cardiolipin species in the kidney cortexes of A30-treated db/db mice compared with db/db vehicle-treated mice and db/+ controls via lipid database analysis. We found that peroxidized cardiolipin species were increased in db/db vehicle-treated mice while A30 treatment prevented this increase ( Figure 6 , A and B, Supplemental Figure 10 ). These data suggest that renoprotection of ABCA1 inducers may be linked to modulation of DHA-rich cardiolipin species that have been previously reported to enhance oxidative stress and to be upregulated in diabetes (35) (36) (37) , which may further reduce the oxidation of cardiolipin. Elamipretide treatment ameliorates podocyte loss and DKD. We next aimed at understanding the contribution of cardiolipin to DKD. We first tested if treatment with elamipretide, which stabilizes cardiolipin at the inner mitochondrial membrane and inhibits cytochrome c peroxidase mediated cardiolipin peroxidation (38) , could revert DKD progression in BTBR ob/ob mice. In order to design a clinically relevant treatment strategy, BTBR ob/ob mice were aged to 16 weeks, a time point in which these mice have advanced albuminuria, hyperglycemia, and show podocyte loss (39) . At this time, Induction of ABCA1 reverts podocyte injury and DKD. Our findings suggest that ABCA1 deficiency is a key factor driving podocyte injury in DKD. To confirm this observation, we determined whether increasing ABCA1 expression and/or activity in DKD could represent a treatment option in vitro and in vivo. Using our previously characterized ABCA1 overexpressing human podocytes (14), we investigated if ABCA1 overexpression could protect from P sera-mediated cytotoxicity. ABCA1 overexpressed (OE) podocytes experience decreased cytotoxicity in both NP and P seratreated podocytes when compared with the empty vector control (EV) ( Figure 5A ). Furthermore, ABCA1 OE podocytes experienced a significant reduction in lipid droplet content when treated with patient sera from NP and P (Supplemental Figure 7A) . Because we observed a protection from P-mediated cytotoxicity in ABCA1 OE podocytes, we next determined expression levels of the fatty-acid beta oxidation genes and found PPARA, ACADM, and ACOX2 to be significantly increased in P sera-treated ABCA1 OE podocytes (Supplemental Figure 7B) . To validate ABCA1 as a therapeutic target for DKD in vivo, db/db mice were treated with a pharmacological inducer of ABCA1 (A30) (34) . Db/db mice were treated with A30 at 14 weeks of age and experienced a significant reduction in albuminuria after 2 weeks of treatment (16 weeks) and an even further reduction after 4 weeks of treatment (18 weeks) ( Figure 5B) . No changes were observed in glycemia or in body weight between vehicle and A30-treated db/db mice (Supplemental Figure 8, A and  B) . A30 treatment also improved BUN levels in A30-treated db/db mice ( Figure 5C ). Immunofluorescence detection of WT1 showed a reduction in podocyte number of db/db mice whereas the podocyte number in mice treated with A30 remained comparable but still less than db/+ mice (Figure 5, D and G) . Mesangial expansion was significantly reduced with A30 treatment as shown in the PAS-stained kidney cortex sections ( Figure 5 , E and H). A30 treatment also improved the number of foot processes per length of GBM in db/ db mice ( Figure 5, F and I ). To confirm that improved renal function in db/db A30-treated mice was associated with increased ABCA1 expression, ABCA1 protein expression levels were determined in analysis of total oxidized cardiolipin species comparing ob/+ controls, ob/ob saline-treated, and E3-treated mice (n = 3 per group). (K) Representative images of peak intensity for the specific cardiolipin species found at the m/z 794.5 (number showcased above the peak), comparing ob/+ (first panel), ob/ ob saline-treated mice (second panel), and ob/ob E3-treated mice (third panel). AUC for each representative peak is annotated. One-way ANOVA followed by Tukey's test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. jci.org Volume 129 Number 8 August 2019
new mechanism by which ABCA1 deficiency leads to cardiolipin accumulation and alterations in mitochondrial oxidative phosphorylation, resulting in podocyte injury and worsened DKD. While a reduction of glomerular ABCA1 expression was already reported in 2 separate cohorts of patients with T2D and was found to be correlated with eGFR (8, 9), the cell-based assay utilized in this study allowed us to demonstrate that suppression of ABCA1 expression in podocytes occurs prior to the onset of DKD in patients susceptible to DKD progression. Correlation analyses of gene expression from glomerular biopsies or of podocytes treated with the sera from patients with clinical parameters was performed, and demonstrated that ABCA1 expression inversely correlated with BUN, serum creatinine, and ACR (Supplemental Table 2 ). Podocytes exposed to patient sera obtained at baseline (prior to the onset of DKD) negatively correlated with patient ACR and glomerular BMT at time of biopsy, suggesting ABCA1 expression to be an early phenomenon in the pathogenesis of DKD that could be used to predict DKD progression, once validated in larger cohorts with research kidney biopsies and longitudinal clinical data. In addition, while only the treatment of podocytes with sera from patients with progressive but not with nonprogressive DKD causes ROS accumulation and cytotoxicity, reduction of ABCA1 expression via siRNA was sufficient to cause cytotoxicity, even when nonprogressive sera were used. In line with these observations, genetic ABCA1 overexpression in vitro prevented P seramediated podocyte injury, while in vivo pharmacologic induction of Abca1 improved existing DKD. We confirmed these observations using ob/ob mice with a podocyte-specific deletion of Abca1 as a novel mouse model of T2D as well as a STZ-driven mouse model of T1D. Abca1 deficiency resulted in a worsened histologsaline-treated BTBR ob/ob mice. To confirm that the improvement in DKD progression was associated with inhibition of cardiolipin oxidation, we analyzed oxidized cardiolipin species of total lipids extracted from the kidney cortex of E3-treated ob/ob mice as compared with saline-treated mice. Increased oxidation of cardiolipin was observed in ob/ob mice compared to ob/+ mice; however, E3 treatment prevented the oxidation of cardiolipin in ob/ob mice ( Figure 7 , J and K, Supplemental Figure 12 ). We then investigated if ABCA1 dependent susceptibility to DKD is mediated by cardiolipin. In order to do so, P sera-treated siABCA1 podocytes and Abca1 fl/fl ob/ob mice were treated with E3. NP and P sera-mediated podocyte cytotoxicity was prevented in E3-treated siABCA1 podocytes ( Figure 8A ). In addition, treatment of 12-week-old Abca1 fl/fl ob/ob mice with E3 for 4 weeks was sufficient to rescue them from their increased susceptibility to albuminuria ( Figure 8B ). Treatment of Abca1 fl/fl ob/ob mice with E3 also improved mesangial expansion, podocyte numbers (Supplemental Figure 11 , A-C), and overall mitochondrial morphology and structure compared with saline control mice (Supplemental Figure 11D) . These data collectively suggest that ABCA1 deficiency contributes to mitochondrial dysfunction by impairing proper cardiolipin content and function, thus rendering podocytes susceptible to injury in a diabetic milieu. Upregulation of ABCA1 or inhibition of cardiolipin peroxidation are both sufficient to improve DKD progression and revert podocyte injury, as shown in our current working model ( Figure 8C ).
Discussion
This study demonstrates for the first time how ABCA1 deficiency may link lipid metabolism to mitochondrial dysfunction and contribute to podocyte injury and DKD progression. We identified a fl/fl ob/ob E3-treated mice (n = 5 per group). (C) Schematic representation of the current working model and major conclusions drawn from this study. One-way ANOVA followed by Tukey's test. *P < 0.05; **P < 0.01; ***P < 0.001. jci.org Volume 129
Number 8 August 2019
miR-33 with a selective anti-miR-33 resulted in upregulation of ABCA1 expression and function and was associated with a significant increase in mitochondrial respiration and ATP production in macrophages (51) (52) (53) . Treatment with an inhibitor of miR-33 also improves atherosclerosis in mice. These data suggest an association among ABCA1, lipids, and mitochondrial function, supporting our finding that ABCA1 deficiency can directly cause mitochondrial dysfunction. Fibroblasts from patients with ABCA1 deficiency (Tangier disease) are characterized by an accumulation of cardiolipin. Patient case studies demonstrated that patients with Tangier disease have lipid accumulation in the kidney (15, 54, 55) , further supporting the notion that ABCA1 deficiency contributes to lipid accumulation and particularly cardiolipin accumulation in mitochondria, as demonstrated in this study.
Proper cardiolipin synthesis and content are important for maintaining the integrity of the inner mitochondrial membrane and for the biogenesis and stability of OXPHOS complexes and supercomplexes (24, 26, (56) (57) (58) (59) . In ABCA1-deficient podocytes, the observed increase in cardiolipin content is associated with the remodeling of the OXPHOS system. In particular, CI-containing supercomplexes accumulate in siABCA1 as compared with siCO podocytes. This does not appear to be a consequence of an overall induction in mitochondrial biogenesis, but rather of changes in the organization of the mitochondrial respiratory chain that favor the assembly or stability of higher ordered OXPHOS-complex structures. Indeed, the total amounts of OXPHOS individual respiratory complexes in mitochondria are not affected, with the exception of CI steady-state levels. This observation is consistent with the notion that the entire mitochondrial CI pool is known to be comprised into the respirasomes (60) .
The functional role of mitochondrial supercomplexes has not been fully elucidated. It has been proposed that these structures could increase electron transfer efficiency from CI and so confer kinetic advantages to the system. Here, the decrease in CII but not CI substrate-driven respiration in permeabilized cells could be explained by the fact that CII-driven electrons flow through free CIII 2 (which are less abundant in siABCA1 podocytes) and CIV complexes, whereas CI-driven electrons flow through the CI-CIII-CIV supercomplexes (which are more abundant in siABCA1 podocytes). Paradoxically, despite the increase in mitochondrial respirasome levels and CI activity, we observed a significant decrease in endogenous cell respiration in siABCA1 podocytes compared with siCO podocytes. Podocytes are high-energy-demanding cells, heavily relying on oxidative metabolism for ATP production (61). However, little is known regarding the type of energy substrate or substrates primarily used by these cells and their metabolic flexibility (62) . We can speculate that if their primary energy source were NADHlinked substrates, the OXPHOS respiratory complex organization seen in siABCA1 podocytes should be optimal to support cellular respiration. On the contrary, if they would preferentially use FADHlinked substrates (e.g., succinate or fatty acids), that organization would be suboptimal to maximum substrate utilization. One would expect the OXPHOS respiratory complex organization to be flexible and dynamic, as has been proposed (63). However, it is possible that the significant excess of cardiolipin measured in the mitochondrial membranes could impede dynamics and therefore adaptations to changes in substrate availability.
ical, morphological, and serological phenotype in the T2D model and only worsened albuminuria in the T1D model. Taken together, these data suggest that ABCA1 deficiency may represent a molecular switch from nonprogressive to progressive DKD. Decreased ABCA1 expression in DKD is not a specific finding for podocytes, as similar findings were also described in mesangial and tubular cells in a STZ model of T1D (40) .
In order to assess how ABCA1 deficiency confers susceptibility to worsened DKD, we investigated the lipid content, oxygen consumption rate, and OXPHOS levels and function in vitro in siAB-CA1 podocytes. We demonstrated increased cellular lipid content, reduced respiratory capacity associated with alterations in mitochondrial OXPHOS complexes, and increased cardiolipin content in vitro in siABCA1 podocytes compared with siCO. These findings were further validated in the glomerular biopsies of DKD patients from the Pima Indian cohort. More importantly, we demonstrated that targeting cardiolipin, in both in vitro and in vivo models, was beneficial in the treatment of DKD. ROS-induced cardiolipin peroxidation is detrimental to mitochondrial function (24, 41, 42) . While cardiolipin accumulation was observed in podocytes with ABCA1 deficiency, this accumulation is not detrimental to the cell as no decrease in podocyte viability was observed. Instead, our data demonstrate that cardiolipin accumulation is associated with and may contribute to the alterations observed in the mitochondria OXPHOS complexes, thus rendering podocytes susceptible to oxidative injury in DKD. Previous studies have shown that modifications of the electron transport chain which render the system less efficient contributes to increased ROS production (43) (44) (45) . Indeed, both clinical and experimental DKD are characterized by elevated ROS (45) (46) (47) (48) (49) . For example, glomeruli isolated from db/db mice have increased ROS production when compared with db/+ mice (50). Therefore, it seems possible that in a diabetic environment where ROS is elevated, ABCA1 deficiency-mediated cardiolipin accumulation could contribute to an increase in ROS-mediated cardiolipin peroxidation. In support of this hypothesis, we demonstrate that E3 treatment is sufficient to prevent podocyte cytotoxicity in P sera-treated siABCA1 podocytes in vitro and albuminuria in Abca1-deficient diabetic mice. Both E3 treatment of ob/ob or pharmacological treatment of db/db mice with an ABCA1 inducer are sufficient to reduce cardiolipin oxidation and prevent the progression of DKD. These data further validate our previously published findings (14) that ABCA1 deficiency contributes to podocyte injury and that ABCA1 may be a therapeutic target for the treatment of DKD. Additionally, the observations that total cardiolipin content is increased in ABCA1 deficiency and that upregulation of Abca1 as shown in vivo results in a downregulation of DHA-rich cardiolipin species (relevant in oxidant production, ref. 37) suggests that agents targeting cardiolipin oxidation specifically through fatty-acid side chain alterations may represent a new treatment for DKD and other chronic diseases and mitochondrial disorders where lipid dysregulation and mitochondrial dysfunction are prevalent. Several groups identified an indirect link between ABCA1 and mitochondrial function through the use of micro-RNA-based therapies (51, 52 (64) . Other groups reported that among all mitochondrial lipids, cardiolipin is preferentially oxidized during apoptosis and that oxidized cardiolipin has a lower affinity to cytochrome c, which allows the release of cytochrome c from the inner mitochondrial membrane to start the cell death cascade (25, 42, (65) (66) (67) (68) . These data support our findings where cardiolipin accumulation in an environment with high peroxidase activity, such as in diabetes, results in increased podocyte injury and worsened DKD, whereas the stabilization of cardiolipin at the inner mitochondrial membrane together with the inhibition of cytochrome c peroxidase (preventing cardiolipin oxidation) improves podocyte integrity and DKD outcomes (38, 69) .
In summary, we identified a novel mechanism by which ABCA1 deficiency contributes to cardiolipin accumulation and mitochondrial dysfunction, leading to podocyte injury and to the progression of DKD. We also demonstrate that pharmacological induction of ABCA1 expression or inhibition of cardiolipin peroxidation may represent a novel therapeutic strategy for the treatment of patients with DKD and potentially for the treatment of other disorders in which altered glomerular lipid metabolism contributes to podocyte injury.
Methods
Study approval. All animal studies were approved by the IACUC at the University of Miami. All study protocols involving human samples were granted IRB exemption since the samples were collected under an IRB-approved research study for which informed consent was obtained and there was no access to identifiable information. Appropriate safeguards were in place to protect subject confidentiality and privacy. Additional information about Methods can be found in the Supplemental Material.
